Odour representations in insects undergo progressive transformations and decorrelation 1-3 from the receptor array to the presumed site of odour learning, the mushroom body [4] [5] [6] [7] . There, odours are represented by sparse assemblies of Kenyon cells in a large population 2 . Using intracellular recordings in vivo, we examined transmission and plasticity at the synapse made by Kenyon cells onto downstream targets in locusts. We find that these individual synapses are excitatory and undergo hebbian spike-timing dependent plasticity (STDP) 8-10 on a 625 ms timescale. When placed in the context of odour-evoked Kenyon cell activity (a 20-Hz oscillatory population discharge), this form of STDP enhances the synchronization of the Kenyon cells' targets and thus helps preserve the propagation of the odour-specific codes through the olfactory system.
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Odour representations in insects undergo progressive transformations and decorrelation [1] [2] [3] from the receptor array to the presumed site of odour learning, the mushroom body [4] [5] [6] [7] . There, odours are represented by sparse assemblies of Kenyon cells in a large population 2 . Using intracellular recordings in vivo, we examined transmission and plasticity at the synapse made by Kenyon cells onto downstream targets in locusts. We find that these individual synapses are excitatory and undergo hebbian spike-timing dependent plasticity (STDP) [8] [9] [10] on a 625 ms timescale. When placed in the context of odour-evoked Kenyon cell activity (a 20-Hz oscillatory population discharge), this form of STDP enhances the synchronization of the Kenyon cells' targets and thus helps preserve the propagation of the odour-specific codes through the olfactory system.
Olfactory processing in insects begins in an array of receptor neurons that express collectively many tens of olfactory receptor genes (,60 in Drosophila 11, 12 ; ,150 in honeybees 13 ). The representations of general odours are then decorrelated by local circuits of projection neurons and local neurons in the antennal lobe [1] [2] [3] . In locusts and other insects, the antennal lobe output is distributed in space and time and can be described as stimulus-specific time-series of projection-neuron activity vectors, updated at each cycle of a 20-Hz collective oscillation 1, 14, 15 . Distributed projection-neuron activity is then projected to Kenyon cells, the intrinsic neurons of the mushroom body. In contrast to projection neurons, Kenyon cells respond very specifically and fire extremely rarely 2 . The mechanisms underlying this sparsening are starting to be understood 2, 16 . Such sparse representations are advantageous for memory and recall 16 , consistent with established roles of the mushroom bodies in learning [4] [5] [6] [7] . In Drosophila, experiments combining molecular inactivation with behaviour indicate that synaptic output from Kenyon cells in the lobes is required for memory retrieval 5 . Little is known, however, about the electrophysiological properties of these synapses.
We studied the connections made by Kenyon cells onto a small population of extrinsic neurons 17 in the b-lobe of the locust mushroom body (Fig. 1a) , using an intact, in vivo preparation (Methods). b-lobe neurons (b-LNs) respond to odours; their responses are odour-specific and their tuning is sensitive to input synchrony 17 . We recorded intracellularly from pairs of Kenyon cells and b-LNs: randomly selected Kenyon cells were impaled in their soma; b-LNs were impaled in a dendrite in the b-lobe. We focused on one b-LN anatomical subtype 17 , which comprises many individual neurons. Neurons of this subtype, called b-LNs here, could be recognized also by their physiological characteristics (see below). Each b-LN has extensive dendrites (Fig. 1a , and Supplementary Fig. 1 ) that intersect many of 50,000 Kenyon cell axons. Monosynaptic connections were found in ,2% of tested Kenyon cell (KC)-b-LN pairs (Fig. 1b) . All were excitatory. The delay between Kenyon cell spike and b-LNexcitatory post-synaptic potential (EPSP) onset was 6.5 6 0.70 ms, including 5.4 6 0.25 ms for spike propagation from Kenyon cell soma to the b-lobe. The remaining (synaptic) delay (,1 ms) is similar to that at another chemical synapse in the locust brain 16 . Unitary EPSPs were large (1.58 mV 6 1.11, n 5 9 pairs), in contrast to those generated in Kenyon cells by individual projection neurons (86 mV 6 44) 16 . The fact that Kenyon cell outputs are powerful is consistent with Kenyon cell spikes being rare and therefore highly informative. EPSP amplitude varied greatly across connected pairs (0.55-4 mV). This could reflect a distribution of electrotonic distances between synapses and recording sites. Simultaneous impalements of different dendrites in the same b-LN (n 5 2 experiments), however, show that the amplitudes of most events were the same across recording sites (Pearson's correlation . 0.9) (Fig. 1c) . Consistent with this, unitary EPSP kinetics (10-90% rise time, 8.3 ms 6 2.3; time to 12(1/e) of peak, 13.2 ms 6 4.4) were independent of the b-LN recorded and, thus, of the impalement site (inset, Fig. 1b ). Simultaneous dendritic recordings of different b-LNs (n 5 5 experiments), however, revealed that their synaptic backgrounds overlapped only partly ( Fig. 1d ; Pearson's correlation or fraction of common EPSPs, 0.1-0.3). Common EPSPs rarely had the same amplitude (Fig. 1d) . Hence, b-LNs may each receive inputs from hundreds to thousands (,2% of 50,000 Kenyon cells) of Kenyon cells, in overlapping subsets; KC-b-LN connections are strong on average, with target-specific strength.
Odour-evoked activity in projection neurons and Kenyon cells consists principally of sequential volleys of synchronized spikesgenerally, one spike per responding neuron per oscillation cycle 1, 2, 15 . b-LN responses to odours also consisted typically of sequences of single phase-locked spikes, timed around the trough of several local field potential (LFP) oscillation cycles (Fig. 2a, b) . The cycles when a spike was produced (usually with probability ,1) depended on b-LN and stimulus identity, as illustrated in Fig. 2c, d . We conclude that, to each oscillation cycle corresponds a particular activity vector in the projection neuron 2 A fortuitous observation provided hints of plasticity at the KC-b-LN synapse (Fig. 3a) . At trial 4 of a Kenyon cell stimulus sequence intended to explore b-LN integration, the b-LN fired a spontaneous action potential roughly at the time of the first (of 2) Kenyon-cellevoked EPSP (Fig. 3a) . At trial 5, 10 seconds after this single fortuitous pairing, the first EPSP of the pair was greatly enhanced (Fig. 3a) . This suggested the possibility of spike-timing-dependent plasticity (STDP), a phenomenon thus far unknown in invertebrates but well characterized in vertebrates, in which the gain of a connection can be changed according to the temporal relationship between pre-and post-synaptic spikes [8] [9] [10] . We explored the consequence of pre-post temporal relationships on the KC-b-LN synapse. A b-LN was impaled and stimulated alternately by two independent Kenyon cell pathways-one for pairing, one for unpaired control (Fig. 3b) . Each stimulus was repeated every 10 s, with a 5-s delay between pairing and control stimuli. Pairing consisted of a single Kenyon cell (pre) stimulus and a 5-ms supra-threshold b-LN (post) current pulse, timed such that the delay (dt 5 t post -t pre ) between pre-and post-synaptic spikes varied between 260 and 150 ms. Test trials, used to measure connection strength before and after pairing, were identical to the pairing trials in all respects except in the temporal relationship between pre-and post-synaptic spike times (2.5 s apart, Fig. 3b ). Two examples with controls are shown in Fig. 3c, d (for dt 5 10 ms and 24 ms, 25 pairings each). For dt 5 10 ms (Fig. 3c) , the paired input underwent potentiation; for dt 5 24 ms (Fig. 3d) , it underwent depression. For both conditions, the control pathway (same b-LN, different Kenyon cell input) remained unchanged (Fig. 3c,  d , lower panels). The changes were thus input-specific; they were often detectable after a single pairing (see also Fig. 3a) , and could be maintained for up to 25 min. We tested 26 values of dt between 260 and 150 ms. The resulting changes (Fig. 3e ) define a classical hebbian profile 8, 10 : the synapse is potentiated when pre-precedes post-, and depressed when post-precedes pre-, with symmetrical profiles. The changes could be fitted well with two exponential decays flanking a narrow linear range around t 5 14 ms (t 1 5 10.4 ms for dt , 29 ms; y 5 3.78t213.1 for 29 ms , dt , 17.5 ms; t 2 5 11.6 ms for dt . 17.5 ms). Several connections were tested successively with two (or more) values of dt (some positive, others negative): the same connections could undergo both depression and potentiation, depending on the value of dt. The STDP profile thus seems to be a property of each connection and not only a collective one.
We observed that the values of dt over which synaptic weights change correspond to the period of single odour-evoked oscillation cycles; hence, only within-cycle 'coincidences' may modify the connections between a Kenyon cell and its targets. The features of the STDP curve, when considered together with the timing of Kenyon cells and b-LNs during odour-evoked activity, have interesting consequences. Consider the phases of Kenyon cell and b-LN spikes (Fig. 4a) . Owing to propagation delays, Kenyon cell spikes reach their targets just before the trough of the LFP, a little before b-LN firing (Fig. 2a, b) . Consider a cycle in which a b-LN spikes early (dt , 0): some KC-b-LN connections will undergo depression (Fig. 3e) ; at the next trial, b-LN spike time at this cycle should be delayed (Fig. 4b) . If, in contrast, a b-LN spikes late, STDP should potentiate Kenyon cell drive to it, and thus advance spike time for that cycle (Fig. 4b) . In short, the cycle-by-cycle action of STDP suggests adaptive control of b-LN spike phase. The need for such regulation is not unique to this system: models of cortical networks indicate that, as activity propagates through successive 'layers', accumulating noise can rapidly smear the temporal structure that may exist 18, 19 . Modelling studies [20] [21] [22] predict that STDP, given appropriate parameters, could preserve the temporal discretization of activity through such layers.
We generated a reduced model of the KC-b-LN circuit (Methods) and introduced the STDP rule derived from our experiments (Fig. 4c) . To control the relative phases of Kenyon cells and b-LNs, we drew Kenyon cell spike phases from experiments 2 , and input weights from uniform distributions with different means: with low weights, b-LN spikes tended to occur late (dt . 0, Fig. 4d) ; with larger weights, they occurred early (dt , 0, Fig. 4d ). After several trials (each with a random draw of inputs from the same distribution), STDP was allowed to modify synaptic weights for the following trials: when b-LN spikes occurred late (dt . 0), Kenyon cell outputs became potentiated and b-LN spikes were advanced; for dt , 0, time shifts were inverted. The histograms in Fig. 4d represent spike-time distributions for 1,000 trials before (red) and after (black) STDP, for each of three conditions. These simulations were repeated 200 times (50 trials each), with 11 different Kenyon cell input distributions (Fig. 4e) . Once STDP was turned on (trial 1), the evolution was systematic and rapid, leading to the adaptive up-or downregulation of input weights, firing phase and response intensity (top, middle and bottom, respectively, all averages; Fig. 4e) . Given that the model is entirely constrained by experiments, it is noteworthy that the mean phase of the first b-LN spike at steady state (p rad, Fig. 4e ), matches precisely that measured experimentally (Fig. 2b) .
To test directly the effect of STDP on b-LN output, we next manipulated b-LN spike timing during responses to odours in vivo: if our model is correct, such manipulations should change the output of the odour-activated Kenyon cells onto that b-LN and, thus, generate predictable shifts in its spike phase. During odour stimuli, short current pulses locked to selected cycles of the LFP were injected in a b-LN: a negative pulse (b, Fig. 4f ) was injected during the cycles and phase when the b-LN would naturally fire (to prevent stimulusevoked spikes), and a positive pulse (c, Fig. 4f ) was injected at a desired phase, for those same cycles (that is, at an abnormal time relative to the Kenyon cell inputs that would normally drive the recorded b-LN). An example is shown for four consecutive cycles in Fig. 4g . After several such pairing trials, current injection was terminated and b-LN-firing phase over the next trials was compared to that before pairing. Figure 4h plots the effects of one such manipulation (dt . 0): as predicted, an artificial phase-delay caused a corrective phase-advance. Twenty distinct experiments were carried out in six b-LNs; the expected phase shifts were observed in 16 of those 20 (Mann-Whitney: P , 0.001) (Fig. 4i) . This is consistent with an adaptive role for STDP in the fine-tuning of b-LN spike-phase, and may explain the tight synchronization of b-LNs (Fig. 2d) . Hence, STDP helps preserve the discrete and periodic structure of olfactory representations as they flow through the mushroom bodies.
We showed that the connections made by Kenyon cells to b-LNs are excitatory, strong on average, variable across pairs, and plastic. Plasticity follows time-sensitive hebbian associativity rules [8] [9] [10] and LETTERS is constrained to within-cycle interactions between pre-and postsynaptic neurons. STDP is therefore not specific to vertebrates or cortical architectures. We do not know the molecular underpinnings of STDP in this system, or whether STDP might confer the associative features usually ascribed to mushroom bodies [4] [5] [6] [7] . The fly and honeybee genomes both reveal coding sequences for N-methyl-D-aspartate (NMDA) receptor subunits 13, 23 and some Drosophila behavioural results 24 are compatible with STDP learning rules 25 . One hypothesis, readily testable here, is that STDP provides associativity by tagging transiently the subset of synapses activated simultaneously by the odour, before the conditional arrival of a slower, non-specific reward signal 26 . Our results reinforce the proposed importance of spike timing for this, and possibly other, olfactory system(s) 1, 2 : Kenyon cells act as coincidence detectors for synchronized projection neuron input 2 , b-LNs act as coincidence detectors for Kenyon cell input; because STDP helps enhance b-LN synchronization, we infer that spike timing must be relevant also for the processing of b-LN output. These results indicate that the oscillation cycle-a temporal unit of processing first defined by negative feedback in the antennal lobe 14 -is actively preserved in at least three successive layers of processing (projection neurons, Kenyon cells and b-LNs). It will be interesting to assess whether all Kenyon cell outputs obey the same STDP rules, and if these rules are themselves subject to learningrelated modifications. Indeed, Kenyon cells seem to communicate with one another through axo-axonal chemical synapses 27 . Given the dynamics of projection neuron/Kenyon cell activity vectors in response to odours 1, 2, 15 , the possibility that Kenyon cell-Kenyon cell synapses also undergo STDP suggests a mechanism for sequence learning 28 , similar to principles proposed for spatial map formation in rodents 29, 30 ; here, however, the learned sequences have no relation to movement in physical space. The existence of such similarities (synaptic learning rules, and synchronized and sequential neural activity patterns) may bring us closer to understanding the relationships between circuit dynamics, architecture and learning in the brain.
METHODS SUMMARY
All results were obtained in vivo from locusts (Schistocerca americana) in an established, crowded colony. Odours were delivered by injection within a constant stream of dessicated air. The results presented here originate from recordings of over 50 b-LNs in 40 locusts. Kenyon cells were stimulated electrically from their soma, using gold-electroplated tetrodes or intracellular electrodes. b-lobe neurons were recorded from their dendrites in the b-lobe with glass micropipettes. Field potential recordings were carried out from the Kenyon cell soma cluster, using twisted-wire tetrodes. Stimulation protocols and data analysis were carried out using specialized software (LabView, National Instruments; Igor, Wavemetrics).
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
